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The Mississippi Alluvial Plain, a robust agricultural region in the South-Central
United States, provides commodities across the United States and around the world.
Water for irrigation, which is necessary due to irregular rainfall patterns during the
growing season, is withdrawn largely from the Mississippi River Valley Alluvial aquifer,
one of the most intensely used aquifers in the United States. The groundwater-dependent
region has observed recent declines in groundwater and streamflow levels, raising
concerns about the availability and use of fresh-water resources. Declining water levels
have prompted investigation into the current understanding of groundwater and surfacewater interaction. Previous research does not adequately quantify the unobservable
exchange of water between surface-water bodies and the underlying aquifer. This
research was designed to advance the current understanding of the interaction between
groundwater and surface water through the quantification of spatial and temporal trends
in streamflow and groundwater level changes and the use of high-resolution spatial
estimates of streambed hydraulic conductivity. Changes in streamflow and groundwater
levels were quantified with the use of hydrograph-separation techniques and trend

analyses. High-resolution estimates of streambed hydraulic conductivity were found
through the correlation of waterborne continuous resistivity profiling data to hydraulic
conductivity and streambed hydraulic conductivity estimates were incorporated into the
existing Mississippi Embayment Regional Aquifer Study (MERAS) groundwater-flow
model. Site-specific empirical relationships between resistivity and hydraulic
conductivity were developed with near-stream borehole geophysical logs to improve
model estimates of streambed hydraulic conductivity. Results of the quantification of
changes in streamflow and groundwater levels suggested agricultural groundwater
withdrawals for irrigation to be the primary source of groundwater-level declines. Results
from the incorporation of high-resolution estimates of streambed hydraulic conductivity
showed that the existing groundwater-flow model is sensitive to changes in streambed
hydraulic conductivity, which may impact model accuracy. The incorporation of
streambed hydraulic conductivity estimates derived from site-specific empirical
relationships impacted MERAS model water-budget estimates. Information gained from
this research will be used to improve the existing groundwater-flow model, which acts as
a decision-support tool for water-resource managers at state and local levels to make
informed water-use decisions for the conservation of fresh-water resources for
sustainable agricultural irrigation practices.
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CHAPTER I
INTRODUCTION
Fresh-water withdrawals from surface water and groundwater exceeded 300
billion gallons per day (Bgal/d) or 336,000 thousand acre-feet per year in the United
States in 2010 (Maupin et al. 2014). Fresh water is a valuable natural resource and is
important for public and domestic drinking water supplies, agriculture, thermoelectric
power, and industry (Heath 1983).
1.1

Overview

The Mississippi Alluvial Plain (MAP) is located within the Mississippi Embayment in the
South-Central United States and covers portions of eight states (Fig. 1.1). The MAP
includes the surficial Mississippi River Valley alluvial aquifer (alluvial aquifer), which
supplies large volumes of fresh water for agricultural irrigation. The alluvial aquifer is
comprised of Quaternary-age sand and gravel deposits ideal for holding significant
quantities of groundwater (Arthur 2001; Renken 1998). The alluvial aquifer is composed
of two hydrologic units. The lower unit is composed of sand and gravel deposited by
glacial meltwater (Renken 1998). The upper unit is a confining unit composed of beds
and lenses of low-permeability sand, silt, and clay that was deposited around 12,000
years ago after the Wisconsin glaciation as the glaciers started to melt and sea level rose
(Renken 1998). The depositional environment of the alluvial aquifer was ideal for
creating an aquifer capable of yielding upwards of 9,500 liters per minute (L/min) (2,500
1

gallons per minute [gal/min]), making it a reliable source of fresh water (Arthur 2001;
Clark and Hart 2009; Clark et al. 2011). The alluvial aquifer is the most used aquifer in
the state of Mississippi with a majority of permitted water wells located in northwest
Mississippi, known locally as the Delta (Fig. 1.2). About 98 percent of the water
withdrawn from the alluvial aquifer is used for agricultural irrigation (Arthur 2001).

2

Figure 1.1

Map of the Mississippi Alluvial Plain (MAP) within the Mississippi
Embayment Regional Aquifer Study (MERAS) model extent

The MAP includes the surficial Mississippi River Valley alluvial aquifer and the
Mississippi Delta study area.

3

Figure 1.2

Map of permitted water wells within the state of Mississippi

Most permitted water wells within the state are located in northwest Mississippi in a
physiographic region referred to as the Delta.

Crops include rice, catfish, soy beans, corn, and cotton, making the Delta the economic
center of Mississippi (Arthur 2001). Water use in the alluvial aquifer began to increase in
the 1960’s with noticeable intensification in around 1980 (Fig. 1.3).

4

Figure 1.3

Groundwater pumpage of various aquifers in the Mississippi Alluvial Plain,
modified from Clark et al. 2011

The Mississippi River Valley alluvial aquifer (shown in blue) is the uppermost aquifer
within the MAP and supplies a majority of the fresh water used for agricultural irrigation
within the Mississippi Delta.

1.2

Purpose and Scope
Fresh-water requirements for agriculture raise interest regarding the availability

and use of local and regional fresh-water resources. Observed declines in streamflow and
groundwater levels of the alluvial aquifer demand investigation of surface-water and
groundwater interactions (Ackerman 1996; Renken 1998). The purpose of this research
was to present current understanding, knowledge, and limitations of surface-water and
groundwater interactions. A regional groundwater-flow model exists to quantify water
availability and use within the Mississippi Embayment; however, the model needs
improvement. This dissertation aimed to advance the current understanding of
5

groundwater and surface-water interactions through the quantification of spatial and
temporal trends in streamflow and groundwater-level changes and with high-resolution
spatial estimates of streambed hydraulic conductivity to improve the existing regional
groundwater-flow model. The hypothesis and objectives of this research are outlined
hereafter.
1.2.1

Hypotheses
•

Anthropogenic withdrawals of groundwater from the Mississippi River
Valley alluvial aquifer have no effect on streamflow in the Mississippi
Delta portion of the Mississippi Alluvial Plain.

•

Groundwater and surface-water interactions are sufficiently represented
within the MERAS mode.

•

Empirical relationships to estimate hydraulic conductivity from sitespecific petrophysical data will not change MERAS model water-budget
estimates.

1.2.2

Objectives
•

Quantify changes in streamflow within the Mississippi Delta from 1936 to
2014 to estimate potential impacts of groundwater pumping in the
Mississippi River Valley alluvial aquifer

•

Increase streambed hydraulic conductivity of selected streams within the
MERAS model to test model sensitivity to changes in streambed hydraulic
conductivity

6

•

Develop site-specific empirical relationships between resistivity and
hydraulic conductivity to improve groundwater and surface-water
interaction within the MERAS model

Information gained in this study will help to direct water management practices
for sustained groundwater resource availability. Preserving surface water and
groundwater for future use in the Delta will allow forthcoming generations to thrive both
locally and in other areas that consume products from the MAP. The stakeholders that
will benefit from this study include the Yazoo Mississippi Delta Joint Water Management
District (YMD), the Mississippi Department of Environmental Quality (MDEQ), the
United States Army Corps of Engineers (USACE), local farmers and businesses, and
consumers of agricultural products produced in the Delta.

7

CHAPTER II
LITERATURE REVIEW
The following provides a review of previously published literature and the current
state of science for topics related to this research. Relevant topics include groundwater
and surface-water interactions, streamflow depletion by wells, groundwater modeling,
and the relationship between electrical resistivity and streambed hydraulic conductivity.
2.1

Groundwater and Surface-Water Interactions
Current understanding of groundwater and surface-water interaction recognizes

the complexities of hydrologic systems and views groundwater and surface water as one
dynamic system, particularly in alluvial settings (Barthel and Banzhaf 2015; Barlow and
Leake 2012; Brodie et al. 2007; Sophocleous 2002; Winter 1995; Winter et al. 1998). The
previous paradigm viewed groundwater and surface water as separate entities with little
to no interaction (Meyer 1928; Verry 2003). Understanding the interaction between
groundwater and surface water is important for ecological studies and water-resource
management at local and regional scales in the United States and around the world
(Anibas et al. 2011; Sophocleous 2002; Yang et al. 2017)
Exchange between surface water and groundwater can differ depending upon the
type of stream and streambed material. Three types of streams are recognized in the
literature: gaining, losing, and disconnected (Fig. 2.1) (Alley et al. 1999; Winter et al.
1998). Gaining streams receive water from groundwater storage and maintain streamflow
8

between precipitation events (Winter et al. 1998). The groundwater table is higher in
elevation relative to the elevation of the gaining stream, which creates a hydraulic head
difference that promotes the movement of water from groundwater storage to the stream
channel. When the groundwater table is lower relative to the stream elevation, the
hydraulic gradient is such that the stream loses water to groundwater storage and is
termed a losing stream (Winter et al. 1998). Disconnected streams sit above the water
table and lose water to groundwater storage (Alley et al. 1999; Sophocleous 2002).

Figure 2.1

Stream types, Modified from Winter el al. 1998
9

Stream type depends on the climate and local geology. Streams may change from
gaining to losing and vice versa seasonally and in response to anthropogenic impacts
(Alley et al. 1999; Winter et al. 1998). Understanding groundwater and surface-water
interactions is important for water-resource management highlighting the need for
increased understanding to preserve fresh water for future use. Well-connected surfacewater and groundwater systems respond to changes in water quantity and quality (Winter
et al. 1998); the effects of stress on one system can be observed in the other. Factors that
control the movement of groundwater in the subsurface are essential to understand the
interactions between surface water and groundwater. The movement of groundwater and
the interaction between groundwater and surface water is controlled by the hydrologic
environment, which includes topography, geology, and climate (Sophocleous 2002; Tóth
1970). In sedimentary environments such as the Mississippi Delta, the groundwater table
is typically a subdued version of the topography, assuming there are no anthropogenic
impacts on the groundwater table (Sophocleous 2002).
Groundwater movement is controlled by the porosity, hydraulic conductivity, and
permeability of the rock or sediments. Porosity is the ratio of the volume of voids within
a rock or sediment to the total volume of the rock or sediment. Three classifications of
porosity exist: primary, secondary, and effective. Effective porosity describes pore
connectivity, which controls to the flow of water through the rock an is of relevance to
this study.
Hydraulic conductivity is a measure of how well water will pass through an
aquifer and is determined by the intrinsic permeability of the sediments. The hydraulic
conductivity of the rock and sediments will control how water flows through the
10

subsurface with preferential flow paths determined by the effective porosity and
permeability of the geologic material as well as the hydraulic gradient. Hydraulic
conductivity can be an indicator of well yield; sandy sediments will have high hydraulic
conductivity and allow large volumes of water to be extracted by pumping while silty and
clayey sediments will have low hydraulic conductivity comparatively and yield less water
to wells.
2.2

Streamflow Depletion by Wells
Streamflow may be impacted by groundwater withdrawals (Alley et al. 1999;

Barlow and Leake 2012; Fox et al. 2011; Sophocleous 2002; Theis 1940, 1941).
Groundwater pumping alters subsurface flow paths within an aquifer. Flow-path
alteration may be sufficient to cause surface water loss to aquifer storage, termed induced
infiltration (Fig. 2.2) (Barlow and Leake, 2012; Spalding and Khaleel, 1991). When
pumping stops, the cone of depression created by pumping begins to recover and the
groundwater table begins to return to pre-pumping levels (Fig. 2.3) (Barlow and Leake,
2012). Factors that control the response of an aquifer to pumping are time the aquifer is
exposed to pumping stress, the distance to areas of recharge and the rate of recharge, the
distance to areas of natural discharge, and aquifer characteristics (e.g. hydraulic
conductivity and transmissivity) (Barlow and Leake 2012; Theis 1940).

11

Figure 2.2

Effects of groundwater pumping on the streamflow of gaining streams,
modified from Barlow and Leake 2012

(A) Groundwater flow under normal conditions (B) pumping begins, removing
groundwater from storage near the well (C) pumping continues, cone of depression
increases in size and extent, groundwater flow paths around the well are altered (D)
pumping rate lowers the water table beneath stream level and diverts streamflow to
groundwater storage, induced infiltration
12

Figure 2.3

Response of the groundwater table after pumping stops and the effects on
streamflow, modified from Barlow and Leake 2012

(A) Cone of depression created during pumping (B) Groundwater response after pumping
stops and reduced streamflow depletion (C) System approaching pre-pumping conditions
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2.3

Groundwater Modeling
Previous efforts to quantify groundwater flow of the Mississippi Embayment have

been completed (Arthur and Taylor 1986; Clark and Hart 2009; Clark et al. 2011;
Stephenson et al. 1928; Veach 1906). The Mississippi Embayment Regional Aquifer
Study (MERAS) model was developed by the U.S. Geological Survey (USGS) in
response to observed groundwater and surface-water declines to quantify groundwater
availability within the Mississippi Embayment region (Clark and Hart 2009; Clark et al.
2011). Accurate quantification of available fresh-water resources is important for local
and regional water-resource managers to make informed decisions.
The MERAS model is a finite-difference three-dimensional groundwater model
that uses MODFLOW-2005 to solve groundwater flow equations and is capable of
simulating steady-state or transient stress periods (Clark and Hart 2009; Harbaugh 2005).
The MERAS model uses a grid with 1-mile spacing and includes 13 model layers with
the alluvial aquifer primarily located in layer one (Fig. 2.4) (Clark and Hart 2009; Clark
et al. 2011). Representing the movement of water between streams and the underlying
aquifer within the model is integral in accurately estimating available fresh-water
resources (Clark et al. 2011).
Exchange between surface water and groundwater is simulated as stream leakage
in the Streamflow Routing Package of the MERAS model (Clark et al. 2011; Niswonger
and Prudic 2005; Prudic et al. 2004). Stream leakage requires information about
streambed thickness, streambed hydraulic conductivity, and streambed elevation (Clark et
al. 2011). The streambed elevation is used to calculate the streambed bottom, which is
integral in leakage calculations. Surface water is routed through streams in the model
14

using the continuity equation and the kinematic wave equation is used to simulate flow
instantaneously to downstream cells or to lakes (Clark and Hart 2009; Prudic et al. 2004).

Figure 2.4

Cross section of MERAS model grid, modified from Clark and Hart 2009

The cross section shows row 258 of the model grid from west to east and the crosssection location is shown in the inset map.

Initial streambed hydraulic conductivity values incorporated into the model were based
on literature (Arthur 2001; Freeze and Cherry 1979) and adjusted using parameter
estimation (PEST) (Doherty 2001). The estimated streambed hydraulic conductivity
values were assigned by stream reach (Clark and Hart 2009). Although streambed
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hydraulic conductivity varies spatially, the variability is often ignored in groundwater
models, including the MERAS model (Clark and Hart 2009; Lackey et al. 2015).
Streambed hydraulic conductivity is difficult to quantify due to its unobservable
nature. Additional studies are needed to quantify streambed hydraulic conductivity for
modeling purposes (Clark et al. 2011) and to understand how streambed hydraulic
conductivity affects model water availability estimates (Clark et al. 2013). Currently, the
MERAS model does not account for the spatial variability of streambed hydraulic
conductivity along each stream reach. The Mississippi Alluvial Plain groundwater
availability project is currently working toward updates to the MERAS model to reduce
model error and forecast uncertainty (Smith et al. 2016).
2.4

The Correlation of Resistivity to Hydraulic Conductivity
Streambed hydraulic conductivity varies spatially as the geology of the streambed

changes (Fleckenstein et al. 2006; Sophocleous 2002; Tóth 1970). Costs associated with
collecting hydraulic data can be expensive (Purvance and Andricevic 2000). To reduce
costs, geophysical correlations have been suggested to estimate hydrologic properties of
soils (Purvance and Andricevic 2000). Electrical resistivity has been proposed and tested
as a means of estimating the hydraulic conductivity of unconsolidated sediments (Faye
and Smith 1994; Miller et al. 2014; Purvance and Andricevic 2000). Resistivity is a
measure of the resistance to the flow of electrical current through a material. Electricity
and water flow in an analogous manor though soils, producing a positive correlation
between resistivity and hydraulic conductivity. Techniques for estimating hydraulic
conductivity from geophysical data are still being established and tested (Purvance and
Anricevic 2000).
16

The resistivity of local soils can be quantified with the use of electromagnetic
induction (EMI). EMI obtains information about the physical properties of surrounding
soils by inducing an electrical field from a transmitter coil and measuring the flow of
electrical current through the surrounding geology with a receiver coil. The electrical
resistance measured by the tool is related to the presence of metals, clays, and ions in the
subsurface. Clays have low resistivity (high electrical conductivity) and sands have high
resistivity (low electrical conductivity) (Olhoeft 1967; Parkhomenko 1967). Gamma ray
logging is also frequently used to characterize subsurface geology by measuring gamma
radiation emitted from different rock or sediment types (Heath 1983). Gamma ray logs
can help to identify sands from clays in geophysical logs and aid in estimating hydraulic
conductivity (Clark and Hart 2009; Slater 2007).
Electrical resistivity can be used to estimate hydraulic conductivity but electrical
resistivity cannot differentiate between the volume and surface area properties of pores
limiting the accuracy of estimates (Slater 2007). To improve estimates of hydraulic
conductivity, nuclear magnetic resonance (NMR) imaging may be used. NMR imaging
can determine the pore-size distribution of sediments and can differentiate between water
in pore spaces that are not connected (immobile water) and water that can easily flow
through the subsurface (mobile water) (Knight et al. 2016; Straley et al. 1995).
NMR was first discovered in 1946 and has long been implemented in oil and gas
exploration and has recently gained popularity in environmental applications through
major improvements to the tools. NMR imaging can be used in open or PVC cased
boreholes now as small as 2 inches in diameter (Walsh et al. 2013). NMR imaging can
measure total pore-water content within the saturated zone by creating an artificial
17

magnetic field and measuring the rate of relaxation of water molecules (Korringa et al.
1962; Slater 2007; Straley et al 1995). The rate of relaxation of hydrogen molecules (T)
back to equilibrium can give information about fractions of immobile to mobile water
(Fig. 2.5) (Liu 2017). NMR can estimate hydraulic conductivity with the use of several
models. Schlumberger Dolls Research (SDR), Sum of Echoes (SOE), and Timur Coates
(TC) equations are frequently used to estimate hydraulic conductivity from NMR data.

Figure 2.5

Short (pink) and long (blue) exponential magnetic decay signals over time
from NMR imaging and the decay distribution, modified from Walsh et al.
2013

Shorter magnetic decay signals are characteristic of bound or immobile hydrogen
molecules while longer magnetic decay signals are characteristic of mobile hydrogen
molecules.
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CHAPTER III
CHARACTERIZING GROUNDWATER AND SURFACE-WATER INTERACTION
USING HYDROGRAPH-SEPARATION TECHNIQUES AND GROUNDWATERLEVEL DATA IN THE MISSISSIPPI DELTA
3.1

About this chapter
This chapter is a journal article that has been submitted for publication in

Hydrogeology Journal. This chapter aimed to quantify spatial and temporal trends in
streamflow and groundwater levels within the study area and to test the applicability of
existing baseflow-quantification techniques in highly altered environments.
3.2

Abstract
The Mississippi Delta, located in northwest Mississippi, is an area dense with

industrial-level agriculture sustained by groundwater-dependent irrigation supplied by the
Mississippi River Valley alluvial aquifer (alluvial aquifer). The Delta provides
agricultural commodities across the United States and around the world. Observed
declines in groundwater levels and streamflow contemporaneous with increases in
irrigation have raised concerns about future groundwater availability and the effects of
groundwater withdrawals on streamflow. To quantify the impacts of groundwater
withdrawals on streamflow and increase understanding of groundwater and surface-water
interaction, hydrograph-separation techniques were used to estimate baseflow and
identify statistical streamflow trends. The analysis was conducted using the USGS
19

Groundwater Toolbox open-source software and daily hydrologic data provided by a
spatially-distributed network of paired groundwater wells and streamgaging sites. This
study found that effects of groundwater withdrawals on streamflow were observed as
statistically significant reductions in baseflow in areas with substantial groundwater-level
declines. Hydrograph-separation and trend analyses may be applicable to assess the
impacts of groundwater withdrawals in altered environments and streamflow may be
used as a proxy for changes in groundwater availability. Characterizing and defining
hydrologic relations between groundwater and surface water will help scientists and
water-resource managers refine a regional groundwater-flow model that includes the
Mississippi Delta region that will be used to aid water-resource managers in future
decisions concerning the alluvial aquifer.
3.3

Introduction
Fresh-water requirements for sustainable agriculture increase the demands for

scientific studies regarding the availability and use of local and regional fresh-water
resources. The U.S. Geological Survey (USGS), in cooperation with state and local
stakeholders, is conducting a regional water availability study of the Mississippi Alluvial
Plain (MAP) to update the Mississippi Embayment Regional Aquifer Study (MERAS)
groundwater-flow model (Clark and Hart 2009). Updates to the model aim to improve
understanding of groundwater and surface-water interactions of the Mississippi River
Valley alluvial aquifer (alluvial aquifer), reduce numerical-modeling uncertainty, and
provide a decision-support-system tool to assist stakeholders with management decisions.
The alluvial aquifer supplies substantial volumes of groundwater for crop
irrigation throughout the MAP and provides a reliable source of water to support large20

scale agricultural production of commodities for the global marketplace, however,
observed declines in groundwater levels and streamflow across the MAP have raised
concerns about future groundwater availability and the effects of continued groundwater
withdrawals on streamflow (Ackerman 1996; Barlow and Clark 2011; Renken, 1998).
The current understanding of groundwater and surface-water interactions and the
associated water-resource management issues have been previously described and
documented (Anibas et al. 2011; Barlow and Leake 2012; Barthel and Banzhaf 2015;
Brodie et al. 2007; Sophocleous 2002; Verry 2003; Winter 1995; Winter et al. 1998;
Yang et al. 2017).
The purpose of this research was to quantify spatial and temporal changes in
surface water and groundwater levels in the portion of the MAP in northwest Mississippi
referred to as the Mississippi Delta. This study seeks to identify trends and evaluate
potential impacts of groundwater withdrawals from the alluvial aquifer. The research was
designed to improve understanding of groundwater and surface-water interactions as well
as the impacts of groundwater withdrawals on streamflow, which has been a topic of
substantial interest by scientists and water managers alike (Ackerman 1996; Alley et al.
1999; Burt et al. 2002; Barlow and Leake 2012; Essaid and Caldwell 2017; Renken 1998;
Spalding and Khaleel 1991; Sophocleous 2002; Theis 1940, 1941). Similar studies have
been conducted in Oklahoma (Wahl and Tortorelli 1997) and Kansas (Juracek 2015;
Juracek and Eng 2017) where similar water-availability issues are present. The
Mississippi Delta is often overlooked in low-flow hydrologic studies because of high
anthropogenic impact, regulated streamflow, and lack of detailed streamflow records
(Telis 1991).
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Observed declines in groundwater levels and streamflow and prior low-flow
studies in the Mississippi Delta prompted investigations to characterize impacts of
groundwater withdrawals on stream-aquifer exchange and the effects on water
availability (Barlow and Clark 2011; Boswell et al. 1968; Pennington and Stiles 1994).
The null hypothesis for this study specified that anthropogenic withdrawals of
groundwater from the alluvial aquifer have no effect on streamflow in the Mississippi
Delta. To increase understanding of groundwater storage and flows through the alluvial
aquifer and the effects of groundwater withdrawals on streamflow, hydrograph-separation
and trend analyses were used to characterize groundwater and surface-water interactions.
The characterization was primarily done through the quantification of groundwater
discharge as baseflow to streamflow over time and results were compared with measured
and modeled temporal changes in groundwater altitude.
3.4

Materials and Methods
The MAP is a physiographic region of the Mississippi Embayment located in the

South-Central United States and covers portions of nine states (Cushing et al. 1964). This
study focused on the Mississippi portion of the MAP, known locally as the Mississippi
Delta (Fig. 3.1). The Delta covers approximately 18,100 square kilometers (km2) (7,000
square miles (mi2)) of north-west Mississippi and is an area with substantial large-scale
agriculture that necessitates large volumes of fresh water for irrigation (Arthur 2001).
About 98 percent of the fresh water used for irrigation is supplied by groundwater
withdrawn from the alluvial aquifer (Arthur 2001; Barlow and Clark 2011). The alluvial
aquifer is composed of Quaternary-age sands and gravel deposited after the Wisconsin
glaciation, making it an ideal aquifer with well yields ranging from 1,135 to 9,464 liters
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per minute (L/min) (300 to 2,500 gallons per minute [gal/min]) (Arthur 2001; Renken
1998; Yazoo Mississippi Delta Joint Water Management District (YMD) 2008).

Figure 3.1

Mississippi Embayment Regional Aquifer Study model boundary
highlighting the Mississippi River Valley alluvial aquifer and study area
focused on the Mississippi Delta region

Groundwater pumped from the alluvial aquifer has increased dramatically since the
1980s and the current rate of fresh-water withdrawals is unsustainable (Barlow and Clark
2011; Clark et al. 2011; Peterson et al. 2015; Telis 1991).
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3.4.2

Quantitative Hydrograph Separation
Hydrograph separation is a quantitative method to estimate baseflow

contributions to streamflow by separating time-series streamflow data into baseflow and
surface runoff, the principal components of streamflow. Baseflow is supplied by
groundwater discharge to gaining streams and surface runoff is supplied by precipitation
and includes overland flow and interflow (Brodie et al. 2007; Meyboom 1961; Sloto and
Crouse 1996; Sophocleous 2002). Barlow et al. (2014) describes how quantitative
hydrograph-separation methods estimate baseflow contributions to streamflow. Four
quantitative hydrograph-separation methods were used in this study, the PART method
(Rutledge 1993, 1998), the Hydrograph Separation Program (HYSEP) Fixed and HYSEP
Local Minimum methods developed by Pettyjohn and Henning (1979) and further
discussed by Sloto and Crouse (1996), and the Base Flow Index (BFI) Standard method
(Wahl and Wahl 1988, 1995). Results of each method were compared to assess general
accuracy and reliability of results, as recommended by Mau and Winter (1986), Sloto and
Crouse (1996), Neff et al. (2005) and Eckhardt 2008.
Barlow et al. (2014) and Brodie et al. (2007) summarize several assumptions and
limitations of various quantitative hydrograph-separation methods; the user is responsible
for the proper application of the selected methods. It is recommended that the selected
hydrograph-separation methods use continuous periods of record greater than one year in
length to produce reliable results (Barlow et al. 2014). Quantitative hydrographseparation methods were selected for this study to determine applicability in unnatural
environments that have been highly altered for agricultural activities and provide a means
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of quantifying changes in streamflow for the available period of record at selected sites
within the Delta.
The Mississippi Delta is instrumented with a spatially-distributed network of colocated observation wells and streamgages, operated in cooperation by the U.S.
Geological Survey (USGS) in cooperation with the U.S. Army Corps of Engineers
(USACE). The network provides continuous data and direct comparison of streamflow
and groundwater level data. Data for this study included daily mean streamflow collected
by the USGS and USACE for five of the co-located gages (Table 3.1) (Fig. 3.2).
Hydrologic data collected by the USGS are publicly available at the USGS National
Water Information System (NWIS) website (https://waterdata.usgs.gov/nwis). Two of the
five selected sites had missing daily mean streamflow records. Missing daily mean
streamflow records were estimated for the sites using the USGS Streamflow Record
Extension Facilitator (SREF)
(https://newengland.water.usgs.gov/dev/g1/Software/Streamflow/index.html#SREF),
which uses the Maintenance of Variance-Extension type 1 (MOVE.1) equation in
combination with index stations (Curran 2012; Granato 2009; Hirsch 1982). The USGS
Get National Water Information System Streamflow (GNWISQ) software was used to
retrieve available daily mean streamflow data from NWIS and format it for use in SREF
(Granato 2009).
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Table 3.1

Selected co-located observation wells and streamgages

USGS
Streamgage
Identification
Number

River Name

Location

07281600

Tallahatchie

Money, Miss.

07288280

Big Sunflower

Merigold, Miss.

07288500

Big Sunflower

Sunflower, Miss.

07288650

Bogue Phalia

Leland, Miss.

07288700

Big Sunflower

Anguilla, Miss.

Figure 3.2

Period of
Record
10/01/1995–
12/31/2017
10/01/1992–
12/31/2017
10/01/1935–
12/31/2017
01/01/1964–
12/31/2017
09/18/2009–
12/31/2016

Drainage
Area (square
miles)
5,221
553
767
484
2,579

Map of selected sites from the spatially-distributed network of paired
observation wells and streamgages within the Mississippi Delta
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SREF was used to estimate missing daily mean streamflow values for two
streamgages: 07288650 and 07288700. Missing records for streamgage 07288650 were
estimated using streamgage 07288500 as an index station with an R-squared of 0.847
(Fig. 3.3a). Missing records for streamgage 07288700 were estimated using two index
stations: 07288500 (R-squared = 0.890) (Fig. 3.3b) and 07288280 (R-squared = 0.832)
(Fig. 3.3c). No bias correction factors (BCFs) were applied to reduce streamflow estimate
bias (Ries 1994a, 1994b).
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Figure 3.3

Streamflow relation between indicated streamgages using SREF software
computations (Granato 2009)

The four hydrograph-separation methods used in this analysis are part of the overall
functionality of the USGS Groundwater Toolbox
(https://water.usgs.gov/ogw/gwtoolbox/). Continuous daily mean streamflow data were
provided by NWIS and USACE, and missing streamflow estimates from SREF (Barlow
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et al. 2014). Daily mean streamflow data and calculated baseflow estimates were
analyzed by climatic year (April 1st to March 31st). A default partition length of n = 5
days and a default turning point test factor of 0.9 was used for the BFI standard method
for all analyzed. All methods calculate a Base Flow Index (BFI), or ratio of baseflow to
total flow, for direct comparison. Data for this analysis are available in Killian and
Asquith (2018) (https://www.sciencebase.gov/catalog/item/5a9309cfe4b069906068f591).
The workflow for the hydrograph-separation analysis is shown in Figure 3.4. Limitations
specific to the Groundwater Toolbox are outlined in Barlow et al. (2014). Trends in
streamflow were identified using Kendall’s Tau measure of rank correlation, which is
used to estimate the magnitude of monotonic change with time (Kendall 1938, 1975;
Wahl and Tortorelli 1997; Wahl and Wahl 1988).
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Figure 3.4

3.4.3

Workflow for the hydrograph-separation and baseflow trends analysis

Generalization of Groundwater Levels
Spatial and temporal variability in groundwater-altitude observations necessitated

the use of a statistical model to normalize for time across the Mississippi Delta and
identify changes in groundwater altitude. Groundwater levels in the study area were
generalized through a statistical process intended to provide a common time datum of the
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year for which an M- to N-year change assessment could be made. Specifically, a
regression based on the generalized additive model (GAM) (Hastie and Tibshirani 1986,
1990; Wood 2006) was used to quantify temporal changes in groundwater altitude. The
GAM is analogous to a well-known regression but incorporates additive smoothing
functions and can be used to identify trends (Hastie and Tibshirani 1986, 1990; Wood
2006). The model can provide estimates for a specified timeframe for given locations.
The GAMs provide a more rigorous framework for trend estimation than available in the
lowess and loess functions (Cleveland 1979, Cleveland et al 1992) in R (R Development
Core Team, 2018). Extensive testing (not reported here) also shows that the GAM has
sufficient robustness against outliers in water-level altitudes. For this study, effectively
the entire groundwater-level database available in the USGS NWIS was used (US
Geological Survey 2018).
Generalized groundwater-altitude observations were estimated using GAM for
April 10th of each year for a grid having a 4.5-kilometer (km) spacing. The GAMs were
estimated using the algorithms of Wood (2018). Early April (April 10th) was selected
because of the high number of groundwater-level observations made during and
immediately before this time as part of other data-collection efforts by local waterresource authorities (Yazoo Mississippi Delta Joint Water Management District 2018).
Early April is also prior to the start of the main irrigation season, and is generally a period
of maximum aquifer recovery from the previous irrigation season (Snipes et al. 2005).
For each grid node, a GAM was created using an 8-km search radius and including up to
300 nearby wells publicly available in NWIS (US Geological Survey 2018). At least ten
groundwater measurements from nearby wells were needed to estimate groundwater
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altitudes over time for the specified node. If less than ten measurements were available,
no estimate was calculated for the node. If the number of measurements exceeded 100,
then an attempt was made to estimate a first-order seasonality using paired cosine and
sine trigonometric functions. If the p-value for both trigonometric terms was greater than
0.005, then the GAM was fitted using only the smooth on the date of measurement.
3.5

Results
Results of this study are intended to aid in refining the existing MERAS model by

increasing current understanding of groundwater and surface-water interactions and
reducing model uncertainty to allow for improved estimates of stream-aquifer exchange
parameters such as hydraulic conductivity and recharge. The hydrograph-separation and
trend analyses and generalized groundwater level results are described as follows.
3.5.1

Hydrograph Separation and Trend Analyses
Hydrograph-separation and trend analyses results for each site are shown in

Figure 3.5, with hydrograph-separation results shown in a and trend analyses results
shown in b. Hydrograph-separation results are shown over time with daily mean
streamflow in cubic feet per second on the primary y-axis and the annual BFI on the
secondary y-axis (Fig. 3.5a). Trend analyses are shown by low-flow period in terms of
days with the Kendall’s Tau on the y-axis (Fig. 3.5b). Kendall’s Tau shows a stronger
correlation when the shading becomes darker (to +1 or -1) and statistically significant
results are shown with thick black outlines (Fig. 3.5b).
The results show that the Tallahatchie River at streamgage 07281600 has moderate to
high baseflow contribution to streamflow with an average annual BFI of 0.805 with
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seasonal streamflow variation (Fig. 3.5a). Baseflow contributions decrease over time at
the Bogue Phalia River streamgage 07288650 (Fig. 3.5d) with a BFI of 0.345 for 19641979 and a BFI of 0.238 for 1980-2014 (Table 3.2), which corresponds to increases in
pumping. Results for the Big Sunflower River at the upstream streamgage at Merigold
(07288280, Fig. 3.5b) show moderate to low baseflow contribution (BFI of 0.366) to
streamflow with high variability between high- and low-flow events. The Big Sunflower
River at the Sunflower streamgage (07288500, Fig. 3.5c) shows a decrease in baseflow
contributions over time with a BFI of 0.563 for 1936-1979 and a BFI of 0.418 for 19802016. It is evident from the decrease in BFI and with increasing variability between highand low-flow events after the 1980s that the decrease in BFI is contemporaneous with
increased groundwater withdrawals for irrigation. Hydrograph separation results for the
Big Sunflower River at the downstream streamgage near Anguilla (07288700, Fig. 3.5e)
appear to vary greatly and show a slight increase in baseflow over time; this may be a
result of a period of record less than 10 years in length. The average of annual BFI by site
and for selected time periods are listed in Table 3.2. Results presented here show
baseflow declines in streamflow that are contemporaneous with increased groundwater
pumping and subsequent groundwater declines. Studies such as this become more reliable
with extensive records. Streamflow record extension was not used to extend records prior
to the initial streamflow collection date due insufficient index gaging stations and the
highly altered agricultural environment.
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Figure 3.5

Hydrograph-separation streamflow results and trend analyses by site

(a.) Daily streamflow and annual mean baseflow time series by streamgage, and (b.)
Results of the trend analyses for baseflow results by streamgage. Results for the trend
analyses are the average Kendall’s Tau for all hydrograph-separation methods.
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Table 3.2

Arithmetic mean baseflow index (BFI) by year calculated from all
hydrograph-separation methods for each site, including averages before and
after 1980 when applicable

USGS
Streamgage
Identification
Number
07281600
07288280
07288500

Period of Record

Average BFI

BFI
Average
1936–1979

BFI
Average
1980–2016

10/01/1995–12/31/2017
10/01/1992–12/31/2017
10/01/1935–12/31/2017

0.805
0.366
0.497

–
–
0.563

–
–
0.418

07288650
07288700

01/01/1964–12/31/2017
09/18/2009–12/31/2016

0.270
0.376

0.345
–

0.238
–

Streamflow trends were determined to be statistically significant when the null
hypothesis was rejected at the 95 percent confidence interval (such as p-value of 0.05 or
less) and if Kendall’s Tau was trending to +1 or –1 (Fig. 3.5) (Helsel and Hirsch 2002;
Wahl and Tortorelli 1997). When Kendall’s Tau trends to +1 or -1, the Statistically
significant declines in baseflow are shown for streamgages 07288500 and 07288650 for
most hydrograph-separation methods over most lengths of time for low-flow periods, and
trends decreased as the low-flow periods approached a full year. There were no
statistically significant declines in baseflow for streamgages 07288280 and 07281600.
Streamgage 07288700 showed an increase in baseflow contribution to streamflow over
longer low-flow periods (60 to 365 days) with statistically significant changes for the
365-day time period and showed no statistically significant change in baseflow over
shorter periods (1 to 30 days). The streamflow record for 07288700 is for the shortest
period of time (2009–2016) and may be insufficient for a trend analysis. Results for
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streamgage 07288700 should be taken with caution due to the short period of record.
Results for hydrograph-separation methods were as expected; significant decreases in
baseflow were observed at sites with known groundwater-level declines, thus falsifying
the null hypothesis at those sites.
3.5.2

Generalized Groundwater Levels
A GAM estimated for each grid node provided estimates of water-level altitude

for April 10th of each year between 1980 and 2016 and were used to calculate the
groundwater altitude. For this study, GAM model estimates for April 10th of 1980 and
2016 were used to quantify the spatial and temporal groundwater-altitude change across
the Delta (Fig. 3.6). The GAM estimates for each node also included the upper and lower
90th-percentile prediction limits (not shown on Fig. 3.6).
The results of the GAM for a selected grid node are useful for further description. An
example groundwater-altitude estimated hydrograph for grid node 0918 based on a GAM
using nearby (8-km radius) groundwater-well observations is shown in Figure 3.7. For
node 0918, some 122 wells are included with 713 measurements in aggregate. The
measurements for the neighboring wells are shown in Figure 3.7. The GAM is depicted
on Figure 3.7 and is the sinusoidal line for which the basic seasonal signature of water
levels is represented. The overall curvature of this solution for the time period shown is
controlled by the smooth term of the date of the measurement. The smooth is a type of
regression spline estimated during the construction of the GAM.
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Figure 3.6

Groundwater level estimate change difference between April 10, 1980 and
April 10, 2016 using the generalized additive (statistical) modeling for each
grid node as described in the text
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Figure 3.7

3.6

Example hydrograph of groundwater-level altitudes for grid node 0918
showing measurements from radially-neighboring wells with fitted
generalized additive model

Discussion
Results of individual hydrograph-separation methods for this study were

consistent with previous baseflow separation studies by Eckhardt (2008) and Neff et al.
(2005). PART and HYSEP Fixed methods tend to estimate higher baseflow than the
HYSEP Local Minimum and BFI Standard methods. Results should be interpreted with
caution because the Mississippi Delta is heavily influenced by anthropogenic factors
including streamflow-control structures and changes in landscape to accommodate
agriculture. Results from streamgage 07288700 are likely uninformative because of the
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relatively short period of streamflow record and large drainage basin. Streamgage
07281600 also exceeds the recommended drainage basin size of 1,300 km2 (500 mi2) for
hydrograph separation and is downstream of streamflow-control structures (Barlow et al.
2014). Each streamgage has a co-located groundwater well to allow for direct comparison
of streamflow with groundwater levels; however, continuous groundwater-level data
collection did not begin at the sites until 2014. The groundwater records are not sufficient
in length for comparison at this time but are anticipated to be valuable in future scientific
studies.
Quantitative hydrograph-separation results were compared to generalized changes
in estimated groundwater-altitudes to assess the impact of groundwater withdrawals on
streamflow. Baseflow results for streamgages 07288280 and 07281600, show no
statistically significant change (p-value = 0.05), which is consistent with the relatively
small decline in nearby groundwater altitudes (–2 to –4 meters [m], Fig. 3.6). Statistically
significant changes in baseflow are observed at streamgage 07288500, which showed
substantial declines in the nearby generalized groundwater altitude estimates (–8 to –12
m). An increase in baseflow contribution over time has occurred at streamgage
07288700. This result is consistent with increases in the nearby groundwater altitude (> 0
m) as shown in YMD (2008) and Clark et al. (2011). Streamgage 07288650 shows a
statistically significant decrease in baseflow, but estimated nearby groundwater altitudes
have declined relatively little (–2 and –4 m). This might suggest that the stream is in good
connection with the aquifer and is thus sensitive to relatively small changes in
groundwater altitudes because of the low baseflow contribution or reflect upstream
effects as the river crosses areas with larger decline (Fig. 3.6). It is possible that
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streamgage 07281600 shows a similar groundwater and surface-water interaction
scenario, but the streamgage could be in an area with less groundwater extraction and
may have hydrogeologic controls conducive to aquifer recharge.
Other possible factors for declines in streamflow and groundwater levels were not
examined in this study. Other potential reasons for declines in fresh-water resources
include climatic changes resulting in decreased precipitation, changes in land cover or
land use, the addition of streamflow control structures, and changes to surface-water
regulations. Hydrograph separation is also limited in its ability to differentiate between
natural and controlled streamflow causing controlled streamflows over losing or
disconnected stream reaches to be observed as having little to no changes in baseflow
contributions.
3.7

Conclusions
Continuous monitoring of the environment is essential to improving its

understanding. Substantial datasets analyzed for this study facilitate rigorous quantitative
study. Results of this study show declines in baseflow where groundwater levels are also
showing significant relative declines and baseflow is increasing where groundwater
levels are rising. Areas with little or no statistically-significant (p-value = 0.05) changes
in streamflow and baseflow were observed in areas with little relative change in
groundwater altitude. Streamflow and baseflow characterization suggest declines are a
result of groundwater withdrawals in the alluvial aquifer in the Mississippi Delta. This
research demonstrations that streamflow data may be used as a proxy for changes in
groundwater altitude over time. To further test the applicability of this approach,
streamflow should be analyzed on seasonal or decadal scales to identify if observed
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trends are maintained. Groundwater levels in the Mississippi Delta for the Mississippi
River Valley alluvial aquifer are obviously declining. The mechanisms for decline could
include several reasons, including but not exclusive to groundwater withdrawals. Possible
other factors that could be investigated further include changes in precipitation and
climate and hydrogeologic controls relating to limits on and timing of aquifer recharge.
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CHAPTER IV
EVALUATION OF METHODS FOR RELATING CONTINUOUS STREAMBED
RESISTIVITY DATA AND HYDRAULIC CONDUCTIVITY IN THE
MISSISSIPPI DELTA
4.1

About this chapter
This chapter aimed to increase the spatial resolution of streambed hydraulic

conductivity within the MERAS model and determine how changes in streambed
hydraulic conductivity affect model water budget estimates. This is one of the first
attempts to incorporate high-resolution estimates of streambed hydraulic conductivity
from field observations into a groundwater model.
4.2

Abstract
Data worth and uncertainty analyses of an existing regional groundwater-flow

model for the Mississippi Alluvial Plain (MAP) identified streambed hydraulic
conductivity as an important parameter to investigate due to large uncertainties in
estimated values, lack of data to constrain estimates, and relative importance of the
parameter with respect to groundwater and surface-water interaction. Streambed
hydraulic conductivity for each stream reach is currently represented by one value in the
existing model due to the paucity of existing data, resulting in high uncertainty in model
outputs. Waterborne continuous resistivity profiling (CRP) data were collected by the
U.S. Geological Survey in 2016 and 2017 along selected streams within the Mississippi
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Delta to: (1) characterize near-surface lithology of the Mississippi River Valley alluvial
aquifer for improved understanding of groundwater and surface-water interactions; and,
(2) allow for increased variability of streambed hydraulic conductivity within the existing
model. Two empirical relationships based on previously published literature were used
to translate resistivity values to estimates of streambed hydraulic conductivity. Twodimensional profiles of estimated streambed hydraulic conductivity data were aggregated
vertically to develop one-dimensional streambed hydraulic conductivity values and were
aggregated horizontally to the scale of the existing model grid. Estimated streambed
hydraulic conductivity values were incorporated into the existing model and model
water-budget estimates were compared to the base model to evaluate model sensitivity to
streambed hydraulic conductivity. Model water budget estimates for net stream leakage
and net storage changed, suggesting that the model is sensitive to changes in streambed
hydraulic conductivity. This exercise to improve streambed hydraulic conductivity
values will allow for reduction in model uncertainty by allowing the model to better
estimate groundwater/surface-water interaction and improve tools to make informed
decisions when creating and implementing best water-use management practices.
4.3

Introduction
Groundwater models can be used to simulate groundwater flow through the

subsurface to predict aquifer response to stress, estimate water availability and help make
informed decisions about water resources and the environment, but models are largely
inaccurate due to the simplification or omission of real-world physical and chemical
processes, which lead to high model error and uncertainty (Ackerman 1996; Vrable et al.
2009). Observed groundwater and streamflow declines within the Mississippi Alluvial
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Plain (MAP) have prompted the investigation into the current state of local and regional
fresh-water resources. The U.S. Geological Survey (USGS) Mississippi Alluvial Plain
Water Availability Study is undertaking a significant update to the Mississippi
Embayment Regional Aquifer Study (MERAS) finite-difference groundwater model was
developed using MODFLOW-2005 to quantify fresh-water resources within the
Mississippi Embayment (Clark and Hart 2009; Harbaugh 2005). Data worth and
uncertainty analyses of the existing MERAS model identified streambed hydraulic
conductivity as a parameter that, if optimized, is anticipated to reduce model uncertainty
(Clark and Hart 2009; Clark et al. 2013; Smith et al. 2016).
Groundwater and surface water are hydrologically connected in many
physiographic settings, creating complex and difficult modeling environments
(Sophocleous 2002; Brodie et al. 2007). Estimates of exchange between groundwater and
surface water may vary spatially and temporally and may be influenced by scale (Kalbus
et al. 2008). Numerical modeling of heterogeneous groundwater systems may provide
improved understanding of groundwater and surface-water interactions over lowresolution data but is dependent on the spatial distribution of data (Alexander et al. 2011;
Brodie et al. 2007; Miller et al. 2014; Slater 2007). Model accuracy is dependent upon
appropriate parameterization of properties such as streambed conductance, a parameter
that relates streambed hydraulic conductivity to stream channel geometry (Lacky et al.
2015; Reilly and Harbaugh 2004). Streambed hydraulic conductivity controls the
movement of water between a surface-water body and the underlying aquifer and is
integral in understanding groundwater and surface-water interactions when developing
groundwater flow models (Alexander et al. 2011; Chen et al. 2008; Chen 2011;
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Raghavendra et al. 2016). Parameters such as hydraulic conductivity and recharge are
difficult to directly observe or measure and are commonly estimated relying on model
calibration, which may impact model accuracy (Clark et al. 2011; Harbaugh 2005;
Peterson et al. 2015; Slater 2007). Streambed hydraulic conductivity within the MERAS
model is currently limited, assigning one streambed hydraulic conductivity value per
stream reach, which leaves spatial variability of streambed hydraulic conductivity
unaccounted for (Clark and Hart 2009; Clark et al. 2013).
Streambed hydraulic conductivity is related to lithology and soil texture and is
important in recharge and streamflow depletion estimates (Chen and Shu 2006; Chen et
al. 2008; Lackey et al. 2015; Sarda and Unnikrishnan 2017; Shevnin et al. 2006).
Streambed hydraulic conductivity and soil resistivity exhibit similar positive trends in
saturated soils because groundwater and electrical current flow through interconnected
pore space in an analogous manner (Chen et al. 2008; Chen 2011; Faye and Smith 1994;
Miller et al. 2014; Slater 2007). Resistivity is proposed as a proxy for streambed
hydraulic conductivity because of this observed empirical relationship (Slater 2007).
To quantify streambed hydraulic conductivity and reduce model error and
uncertainty, the USGS, in cooperation with state and local stakeholders, collected
waterborne continuous resistivity profiling (CRP) data in 2016 and 2017. Waterborne
CRP surveys are non-invasive and provide dense spatial datasets that characterize the
electrical structure of riverbed sediments (Day-Lewis et al. 2006). Two-dimensional
resistivity profiles were collected approximately every 5 meters (16.4 feet) along a
transect by inducing electrical currents to determine near-surface lithology at various
depths (Miller et al. 2018). This study described efforts to provide refined estimates of
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streambed hydraulic conductivity based on streambed resistivity measurements to
improve groundwater and surface-water interactions within the MERAS model.
4.4

Methods

The MAP is a physiographic region within the Mississippi Embayment that spans
portions of eight states and contains the surficial Mississippi River Valley alluvial aquifer
(alluvial aquifer). The alluvial aquifer supplies large volumes of groundwater, between
300 and 2,000 gallons per minute (gal/min) in many places, and supports a vital
agricultural economy throughout the MAP (Arthur 2001; Clark and Hart 2009; Clark et
al. 2011). This study focused on data-collection efforts and MERAS model updates in the
Mississippi Delta portion of the alluvial aquifer (Fig. 4.1). For this study, inverselymodeled streambed resistivity was assumed to be an adequate proxy for streambed
hydraulic conductivity (Slater 2007; Miller et al. 2018), assuming a positive correlation
between resistivity and hydraulic conductivity. Streams selected for this study included
the Tallahatchie River, Big Sunflower River, Yazoo River, and Bogue Phalia River (Fig.
4.1). The current streambed hydraulic conductivity values for each stream within the
MERAS model are show in Figure 4.1.
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Figure 4.1

4.4.2

Study area and streambed hydraulic conductivity of streams of interest in
the MERAS model

Data Sources
Waterborne CRP data provided by Miller et al. (2018) was inversely modeled

using a one-dimensional laterally-constrained inversion and inverted resistivity values
were related to hydraulic conductivity using two empirical relationships. The first
empirical relationship was developed from published values in Miller et al. (2014) (M14)
based on borehole resistivity data from aquifers in Oklahoma that are experiencing
similar groundwater-level declines related to agricultural withdrawals using a power law
(Equation 4.1)
𝑦 = 0.00001𝑥 2.9031

(4.1)

where y equals the hydraulic conductivity in feet per day and x equals the resistivity in
ohm-meters. The second empirical relationship was developed from published values

47

from Faye and Smith (1994) (FS94) based on borehole resistivity data from multiple
aquifers in the Southeastern United States (Equation 4.2)
𝑦 = 1.8𝑥 0.74

(4.2)

where y equals the hydraulic conductivity in feet per day and x equals the resistivity in
ohm-meters. Two streambed hydraulic conductivity datasets were developed from each
resistivity-to-hydraulic conductivity relationship. The two-dimensional data were
aggregated vertically to one dimension using the harmonic mean (Equation 4.3) of all 15
inverted resistivity model layers (15L) or a minimum of five model layers (M5L)
𝑘𝑒𝑓𝑓 =

𝑧
𝑧
∑ 𝑖

(4.3)

𝑘𝑖

where 𝑘𝑒𝑓𝑓 is the depth-weighted effective hydraulic conductivity, 𝑧 is equal to the
model thickness in feet, 𝑧𝑖 is equal to the thickness of the ith model layer in feet, and k is
the hydraulic conductivity of the ith model layer in feet per day. Four spatially-variable
one-dimensional streambed hydraulic conductivity dataset were developed to test in the
MERAS model and each case will be referred to as FS94 15L, FS94 M5L, M14 15L, and
M14 M5L (Fig. 4.2). The distribution of streambed hydraulic conductivity values for
each dataset is shown in Figure 4.3 and the spatial distribution of the values are shown in
Figure 4.4. The distribution of hydraulic conductivity values by stream are described in
Figure 4.5.
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Figure 4.2

Workflow for relating waterborne CRP data to estimates of streambed
hydraulic conductivity and incorporation into the existing MERAS model
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Figure 4.3

Distribution of vertically aggregated streambed hydraulic conductivity
values estimated from waterborne CRP data using published empirical
relationships
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Figure 4.4

Spatial distribution of vertically aggregated streambed hydraulic
conductivity values estimated from waterborne CRP data, no horizontal
aggregation

Inset maps show the area of highest variability around the Big Sunflower River at
1:800,000 scale.
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Figure 4.5

Range of vertically aggregated streambed hydraulic conductivity values by
stream reach for each resistivity-to-hydraulic conductivity relation

Outliers are not shown. Base case streambed hydraulic conductivity is equal to 0.25 feet
per day for the Bogue Phalia, Big Sunflower, and Tallahatchie Rivers and is equal to 0.12
feet per day for the Yazoo River (Fig. 4.1).

The frequency of waterborne CRP data collection resulted in dense horizontal
streambed hydraulic conductivity estimates for the selected streams collecting streambed
resistivity depth profile data approximately every 5 meters along a transect based on the
speed of the boat. To incorporate the datasets into the model, one-dimensional streambed
hydraulic conductivity estimates were aggregated horizontally to the model grid cell of
one square mile (mi2). Python scripts were used to update estimated streambed hydraulic
conductivity values derived from the waterborne CRP data in the Streamflow Routing
(SFR) Package of the model (Niswonger and Prudic 2010; Prudic et al. 2004). Original
streambed hydraulic conductivity model values were kept for streams that were not
included in the waterborne CRP surveys.
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The Mississippi Department of Environmental Quality (MDEQ) MODFLOW2005 version of the MERAS model was used for this analysis; this version included the
most up-to-date water level information provided by the Yazoo Mississippi Delta Joint
Water Management District (YMD) through 2014 and included an additional 100 stress
periods to make water-level predictions to the year 2064, although results for this study
will be shown through 2014 (Clark and Hart 2009; Harbaugh 2005). An initial model run
was conducted with original streambed hydraulic conductivity values to provide a control
dataset (Base). The model was run with each of the four spatially-variable datasets to
observe the effects of increasing the spatial variability of streambed hydraulic
conductivity on the water budget model estimates to the original model.
Zonebudget, a program for calculating water budgets for MODFLOW
groundwater flow models, was used to define the Delta as an area of interest within the
MERAS model and calculate components of the water budget for each model run
(Harbaugh 1990). Water budget components calculated for this study included net
changes in recharge, stream leakage, and storage, as well as groundwater withdrawals
from a spatially distributed monitoring-well network (Fig. 4.6).
4.5

Results
Model results from each spatially-variable streambed hydraulic conductivity

dataset suggest that the number of modeled layers used to vertically aggregate estimates
of streambed hydraulic conductivity do not significantly impact groundwater-model
water-budget estimates at the 1-mile grid scale. FS94 15L and FS94 M5L provide almost
identical water budget estimates, as do M14 15L and M14 M5L.
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Little to no change in net recharge and groundwater withdrawals occurred as a result of
increasing the spatial variability of streambed hydraulic conductivity within the model
and are thus colorless in Figure 4.6. The largest net changes in the water budget were
observed in storage and stream leakage calculations for the model. Results for each
model output show that as groundwater is removed flow from aquifer storage increases
and stream leakage changes from negative (flow to the stream(s)) to positive (flow to the
groundwater system) (Fig. 4.6). The magnitude of this change from the base case
scenario was dependent on the empirical relationship used to estimate streambed
hydraulic conductivity. Median net change for each water budget component compared to
the base model run for stress periods 1920 through 2014 are listed in Table 4.1. Datasets
developed using methodology based on Faye and Smith (1994) provide greater deviation
from the Base model run.
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Figure 4.6

Zonebudget outputs in million acre-feet by model run for each model stress
period from 1920 to 2014

All model runs were equal to the base case for recharge and groundwater withdrawals
and are therefore shown in black.

Table 4.1

Median change for each streambed hydraulic conductivity dataset to the
base model run for all stress periods from 1920 to 2014
Streambed Hydraulic

Net

Net Stream

Net Monitoring

Net

Conductivity Dataset

Recharge

Leakage

Well Network

Storage

FS94 15L

0.00%

31.72%

0.03%

9.19%

FS94 M5L

0.00%

32.01%

0.03%

9.20%

M14 15L

0.00%

23.12%

0.02%

6.78%

M14 M5L

0.00%

24.18%

0.02%

6.98%
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Each stream of interest was examined in terms of net stream leakage in million
acre-feet (Fig. 4.7). Again, the number of model layers used does not appear to influence
model estimates at the 1-mile grid scale. The datasets developed using methodology from
Faye and Smith (1994) continued to provide model outputs with the greatest change from
the Base model run. The Bogue Phalia and Big Sunflower Rivers appear to change from
gaining stream conditions to losing stream conditions around the year 1980 (Fig. 4.7).
Stream leakage appears to become more variable for each case compared to the base
case, particularly for the Tallahatchie River.

Figure 4.7

Zonebudget net stream leakage in million acre-feet by model run for each
stream of interest within the Mississippi Delta
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4.6

Discussion
This evaluation of the effects of incorporating high-resolution estimates of

streambed hydraulic conductivity data into the MERAS model suggests that the model is
sensitive to changes in streambed hydraulic conductivity as observed by changes in
water-budget estimates. The use of fifteen model layers versus the use of depth-weighted
estimates with a minimum of five model layers appear to have the same impacts on
water-budget estimates at the 1 mi2 grid scale. The number of model layers used may
have more of an impact on water-budget estimates with a higher-resolution model grid.
Datasets developed based on Faye and Smith (1994) resistivity-to-hydraulic
conductivity relationships appear to have the greatest effect on model estimates compared
to the base case, allowing the model to simulate higher volumes of water exchange
between streams and the underlying alluvial aquifer. Datasets developed with Miller et al.
(2014) resistivity-to-hydraulic conductivity relationships appear to provide water-budget
estimates of net changes in storage and stream leakage between the base case and FS94
datasets.
Methods used to aggregate the datasets vertically and horizontally may influence
the final streambed hydraulic conductivity values that were incorporated into the model.
Although the harmonic mean was used to vertically scale two-dimensional depth
estimates of streambed hydraulic conductivity, the impact of thin layers on the vertical
movement of water within the groundwater system could have been obscured by the
averaging process (e.g. a clay layer that slows vertical water flow). Horizontal
aggregation to the model grid of 1 mi2 reduces the spatial variability of the data. A
smaller model grid may allow streambed hydraulic conductivity values to have a more
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significant or realistic impact on model estimates. Small changes in water level and
recharge estimates at specific sites may lead to larger cumulative changes in the overall
water budget for the Mississippi Delta.
Streambed hydraulic conductivity values were the only parameter changed in this
study. The existing model was not recalibrated to each new dataset beyond the base
model to compare relative changes in model output due to each input dataset.
Recalibration of the model to each dataset may allow other parameters within the model
to be estimated to reflect additional changes in the water budget, which may allow the
model to improve water budget estimates and return more realistic water-level
predictions.
4.7

Conclusions
Water use in excess of precipitation is resulting in water level declines that are

leading to streamflow depletion in many parts of the United States and around the world.
Amplified water use has increased the utility of groundwater flow models and
emphasized the importance of accurately characterize streambed properties to quantify
water availability, maintain aquatic habitats, and for flood control through improved
understanding of groundwater and surface-water interactions and representation in
groundwater flow models (Gorelick and Zheng 2015). Waterborne CRP data was
collected based on data worth and uncertainty analyses to provide high-resolution
streambed hydraulic conductivity datasets for incorporation into the existing MERAS
model. Multiple datasets were created to assess resistivity-to-hydraulic conductivity
relationships to reduce model stream and groundwater level forecast uncertainty. An
initial look into the incorporation of high-resolution streambed hydraulic conductivity
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estimates suggests that the MERAS model is sensitive to changes in streambed hydraulic
conductivity with significant changes in model estimates of stream leakage and aquifer
storage. Different methods for relating resistivity to hydraulic conductivity affected
model outputs, however, the number of model layers used to vertically aggregate twodimensional data to one dimension appears to have little overall effect on model
estimates. The results of this study show the importance of accurately quantifying
streambed hydraulic conductivity and the spatial variability of hydraulic properties within
groundwater flow models for improved quantification of water budget components. The
results of this study conclusively show that the MERAS model will benefit from the
incorporation of high-resolution datasets and incorporating the spatial variability of
streambed hydraulic conductivity should allow for improved groundwater and surfacewater interaction within the model.
4.7.1

Future Work
The empirical relationships for this study were based on borehole electrical

resistivity data from sites outside of the study area. Field measurements of hydraulic
conductivity should be collected at or near the streams of interest to assess the accuracy
of the methods used to relate resistivity to hydraulic conductivity. Additional resistivityto-hydraulic conductivity relationships should be tested or developed to further assess
how changing streambed hydraulic conductivity within the existing MERAS model
affects model estimates within the water budget. Calibration of the model to each dataset
and additional parameter estimation may provide a means to assess the accuracy of each
resistivity-to-hydraulic conductivity relationship. Reduction in the model grid size may

59

also allow for better use of the high-resolution estimates of streambed hydraulic
conductivity.
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CHAPTER V
RELATING BOREHOLE GEOPHYSICS TO STREAMBED HYDRAULIC
CONDUCTIVITY VALUES TO IMPROVE AN EXISTING REGIONAL
GROUNDWATER-AVAIALBILITY MODEL: CASE STUDY OF
THE MISSISSIPPI RIVER VALLEY ALLUVIAL AQUIFER
IN THE MISSISSIPPI DELTA
5.1

About this chapter
This chapter was designed to develop empirical relationships between electrical

resistivity and hydraulic conductivity using site-specific geophysical data to derive
estimates of streambed hydraulic conductivity from waterborne continuous resistivity
profiling data found in Chapter IV. Borehole nuclear magnetic resonance imaging was
used to develop the empirical relationships to increase the correlation between borehole
geophysical logs and hydraulic conductivity by quantifying mobile and immobile aquifer
water content, an area where past geophysical correlations have failed.
5.2

Abstract
An existing groundwater-flow model was developed to quantify groundwater

resources and characterize aquifer conditions, but model estimates of groundwater
resources are limited due to the poor understanding and representation of groundwater
and surface-water interactions. This limited understanding allows the model to make
generalized groundwater and streamflow predictions. Streambed hydraulic conductivity
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plays a significant role in quantifying groundwater and surface-water interactions but is
not directly observable and is difficult to measure causing it to regularly be estimated and
oversimplified in groundwater models. This study aimed to increase model water-level
prediction accuracy with study-area-specific borehole geophysical data to develop
empirical relationships for estimating streambed hydraulic conductivity from electrical
resistivity. Empirical relationships developed from site-specific geophysical data
produced streambed hydraulic conductivity estimates in the silty and fine sand to coarse
gravel ranges. Results showed similar water-budget estimates to results from empirical
resistivity-to-hydraulic conductivity relationships from Faye and Smith (1994) in Chapter
IV. Improved understanding of groundwater and surface-water interactions will allow for
improved model estimates of water availability, allowing water-resource managers to
make informed decisions.
5.3

Introduction
Recent observed declines in groundwater levels related to agricultural irrigation

have led to streamflow depletion and concerns for the future availability of fresh-water
resources to sustain large-scale agriculture and river habitats. The Mississippi
Embayment Regional Aquifer Study (MERAS) model was developed by the U.S.
Geological Survey (USGS) to quantify the availability of groundwater resources in the
South-Central United States (Clark and Hart 2009; Clark et al. 2011). The USGS
Mississippi Alluvial Plain (MAP) Regional Water Availability Study began in 2016 to
update the MERAS model with significant improvements to the surficial Mississippi
River Valley alluvial aquifer (alluvial aquifer). This study focuses on improvements to
groundwater and surface-water interactions within the model. Recent evaluations of the
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model suggest the model is highly sensitive to parameters such as streambed hydraulic
conductivity (see Chapter IV) (Smith et al. 2016). Streambed hydraulic conductivity in
the MERAS model was limited with one streambed hydraulic conductivity value per
stream reach, leaving spatial variability unaccounted for in the model (Clark and Hart
2009; Clark et al. 2013). Because streambed hydraulic conductivity plays a significant
role in the quantification of groundwater and surface-water interaction, correct
representation within the groundwater flow model is necessary for accurate wateravailability estimation (Chen et al. 2008). Model updates intend to provide local, state,
and regional water-resource managers with a decision support tool.
Stream-aquifer exchange proves difficult to quantify and hydrologic data
collection can be costly (Purvance and Andricevic 2000; Slater 2007). To offset the cost,
geophysical data is used to estimate hydraulic properties based on positive correlations
between the flow of electricity and the flow of water through soils (Brodie et al. 2007;
Doolittle and Brevik 2014; Faye and Smith 1994; Miller et al 2014; Purvance and
Andricevic 2000; Slater 2007). This study was designed to develop empirical
relationships based on site-specific data to test MERAS model sensitivity to changes in
streambed hydraulic conductivity and improve groundwater and surface-water
interactions within the model.
5.4

Methods
The alluvial aquifer is the principal aquifer used within the MAP and supplies

large volumes of groundwater for a robust industrial-scale agricultural region. The MAP
is located within the Mississippi Embayment and covers portions of eight states (Fig.
5.1). This study focuses on data-collection efforts within the Mississippi Delta portion of
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the MAP to provide improved empirical relationships for using resistivity to estimate
hydraulic conductivity (Fig. 5.1). This study assumed streambed resistivity to be an
appropriate proxy for streambed hydraulic conductivity (Faye and Smith 1994; Miller et
al. 2014). Enhanced empirical relationships between resistivity and hydraulic
conductivity intend to improve MERAS model estimates of groundwater availability.

Figure 5.1

Case study location

The case study location is along the west bank of the Tallahatchie River near Money,
Mississippi and includes six wells installed as part of a USDA-ARS aquifer pump test.
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Two data-collection efforts were designed to quantify the electrical resistivity of
soils within the study area to develop empirical relationships between resistivity and
hydraulic conductivity. Waterborne continuous resistivity profiling (CRP) data was
collected by the USGS in 2016 and 2017 (Miller et al. 2018) and used to evaluate
streambed resistivity and borehole electromagnetic induction (EMI) was used to evaluate
the resistivity of several groundwater-monitoring wells were installed by the USGS near
the west bank of the Tallahatchie River near Money, Mississippi, near the eastern side of
the Delta and were completed in the alluvial aquifer. The wells were installed for the U.S.
Department of Agriculture – Agricultural Research Services (USDA-ARS) to conduct an
aquifer pump test of the alluvial aquifer to provide hydrologic information for a
groundwater abstraction and injection pilot study. The pilot study was designed to help
parts of the Mississippi Delta that have experienced significant groundwater-level
decline.
5.4.2

Data Sources
The USGS obtained electromagnetic induction (EMI) and gamma borehole logs.

Electrical resistivity has a positive correlation with hydraulic conductivity but has been
shown to be limited in the ability to estimate hydraulic conductivity since electrical
resistivity can detect but cannot differentiate between the volume and surface area
properties of pores (Slater 2007). To resolve this, nuclear magnetic resonance (NMR)
imaging data was collected in addition to EMI and gamma using a DART Logger,
version 7.1.25 manufactured by Vista Clara Inc. Previously published literature identified
the use of emerging NMR imaging to provide improved estimates of hydraulic
conductivity (Slater 2007) because NMR can determine the pore-size distribution and
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identify mobile versus immobile water content of soils (Knight et al. 2016; Straley et al.
1995).
For this study, resistivity estimates from EMI borehole data was related to two
model estimates of streambed hydraulic conductivity provided by the borehole NMR
imaging data, the Schlumberger-Doll Research (SDR) model and the Sum of Echoes
(SOE) model to develop two empirical relationships relating resistivity and hydraulic
conductivity for this study area. Resistivity was related to SDR hydraulic conductivity
estimates to develop Equation 5.1
𝑦 = 0.0008𝑥 2.8381

(5.1)

where y equals the hydraulic conductivity in feet per day and x equals the resistivity in
ohm-meters. Resistivity was related to SOE hydraulic conductivity estimates to develop
Equation 5.2
𝑦 = 0.1127𝑥1.7268

(5.2)

where y equals the hydraulic conductivity in feet per day and x equals the
resistivity in ohm-meters. Each relationship was applied to the waterborne CRP data
(Miller et al. 2018) to translate the data to estimates of streambed hydraulic conductivity.
The two-dimensional CRP data were vertically aggregated to one dimension using the
harmonic mean (Equation 4.3) for all 15 waterborne CRP model layers (15L) or a
minimum of five model layers (M5L) to develop four spatially-variable one-dimensional
streambed hydraulic conductivity datasets based on site-specific empirical relationships
to test in the MERAS model. Each case will be referred to as SDR 15L, SDR M5L, SOE
15L, and SOE M5L (Fig. 5.2). Figure 5.3 shows histograms of each streambed hydraulic
conductivity dataset. The spatial distribution of each dataset is shown in Figure 5.4 and
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the distribution of streambed hydraulic conductivity vales by stream are shown in Figure
5.5.
This study assumed adequate calibration of the borehole NMR tool to
unconsolidated sediments of the region and a positive correlation between resistivity and
hydraulic conductivity, although calibration should be validated with local cores.
Hydraulic conductivity values that exceeded published values of more than 3x10-2 feet
per day were assumed to be unrealistic and were excluded from incorporation into the
MERAS model (Domenico and Schwartz 1990). Relationships from boreholes near the
Tallahatchie River were assumed to be representative of empirical relationships across
the Mississippi Delta.
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Figure 5.2

Workflow for relating waterborne CRP data to estimates of streambed
hydraulic conductivity using site-specific empirical relationships for
incorporation into the existing MERAS model
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Figure 5.3

Histogram – distribution of vertically aggregated streambed hydraulic
conductivity values estimated from waterborne CRP data using empirical
relationships derived from site-specific borehole EMI and NMR data
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Figure 5.4

Spatial distribution of updated streambed hydraulic conductivity values
estimated from borehole geophysical data

Inset maps show an area of high variability around the Big Sunflower River at 1:800,000
scale.
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Figure 5.5

Range of vertically aggregated streambed hydraulic conductivity values by
stream reach for each empirical relationship

Waterborne CRP data were collected approximately every 5 meters based on the
speed of the boat (16.4 feet) along a transect, resulting in dense horizontal streambed
conductivity estimates, creating high-resolution datasets (Miller et al. 2018). The model
uses a grid spacing of one square mile (mi2) requiring the one-dimensional vertically
aggregated streambed hydraulic conductivity estimates to be upscaled to the model grid.
The data were upscaled by taking the mean of all horizontally distributed vertically
aggregated streambed hydraulic conductivity values within a model cell. Python scripts
were used to update streambed hydraulic conductivity values estimated from the
empirical relationships in the Streamflow Routing (SFR) Package within the MERAS
model (Niswonger and Prudic 2010; Prudic et al. 2004). Original streambed hydraulic
conductivity values for streams that were not included in the waterborne CRP survey
were kept in the model.
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Several versions of the MERAS model have been documented and serve different
purposes. The Mississippi Department of Environmental Quality (MDEQ) MODFLOW2005 version of the MERAS model was used for this analysis because it included the
most up-to-date water level information for the Mississippi Delta through 2014 furnished
by the Yazoo Mississippi Delta Joint Water Management District (YMD). The MDEQ
version of the model also includes an additional 100 stress periods, allowing the model to
make water-level predictions to the year 2064 (Clark and Hart 2009; Harbaugh 2005).
Although the model has the capabilities to predict water levels through 2064, results for
this study will be shown through 2014. Four model runs (SDR 15L, SDR M5L, SOE
15L, and SOE M5L) were conducted for this study to determine how empirical
relationships developed from site-specific geophysical data to transform waterborne CRP
data to streambed hydraulic conductivity effect MERAS model water budget estimates.
Results from this study were compared to results found in Chapter IV.
5.5

Results
Water-budget estimates from MODFLOW groundwater flow models can be

calculated using the Zonebudget program (Harbaugh 1990). The Delta was defined as the
area of interest in Zonebudget to obtain estimates for stream leakage, recharge, storage,
and the groundwater withdrawals from a spatially distributed monitoring network in the
study area (Fig. 5.6).
Model results from each spatially-variable streambed hydraulic conductivity
dataset suggest that, like chapter IV, the number of model layers (15 or 5) used to
vertically aggregate estimates of streambed hydraulic conductivity do not have a
significant impact at the 1-mile grid scale for the water-budget estimates. All results for
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this study provide similar results, suggesting that estimates of hydraulic conductivity
from both the SDR and SOE NMR estimates provide similar estimates in this
environment. All results from this study are similar to estimates from Faye and Smith
(1994) in chapter IV.

Figure 5.6

Zonebudget outputs in million acre-feet for each model run for stress
periods 1920 through 2014.

The base model run from chapter IV is shown in blue.

Net recharge and groundwater withdrawals do not change as a result of increasing
the spatial variability of streambed hydraulic conductivity and are shown as black in
Figure 5.6. Significant changes in water-budget estimates as a result of increasing
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streambed hydraulic conductivity were observed in net storage and net stream leakage.
Figure 5.6 shows that as groundwater is withdrawn from the alluvial aquifer, storage
increases and stream leakage changes from negative to positive. The shift in stream
leakage may be interpreted as a net change in Delta streams from gaining to losing, with
the driving factor related to groundwater withdrawals. Table 5.1 shows the median net
change for each component compared to the base model run for stress periods 1920
through 2014. All datasets for this study are similar to results for Faye and Smith datasets
in chapter IV.

Table 5.1

Median change for new streambed hydraulic conductivity dataset to the
base model run for stress periods 1920 to 2014
Streambed Hydraulic

Net

Net Stream

Net Monitoring

Net

Conductivity Dataset

Recharge

Leakage

Well Network

Storage

SDR 15L

0.00%

43.05%

0.03%

9.23%

SDR M5L

0.00%

37.41%

0.03%

9.06%

SOE 15L

0.00%

39.48%

0.03%

9.18%

SOE M5L

0.00%

40.54%

0.03%

9.23%

Net stream leakage for each of the four streams of interest for this study are
shown in Figure 5.7. As shown in Figure 5.6, the number of model layers did not affect
model water-budget estimates at the current model grid scale of 1-square mile. All
datasets for this study (SDR 15L, SDR M5L, SOE 15L, and SOE M5L) returned similar
stream leakage estimates similar to results from empirical relationships from Faye and
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Smith (1994) in chapter IV. The Bogue Phalia River shows a streamflow decrease
contemporaneous with groundwater withdrawal rates. The Bogue Phalia River and Big
Sunflower River appear to change from gaining stream conditions to losing stream
conditions around 1980, when substantial groundwater withdrawals began. Increased
variability in stream leakage is observed in the Big Sunflower River, Tallahatchie River,
and Yazoo River after 1980 as well (Fig. 5.7). Significant declines in stream leakage are
not observed on the Tallahatchie River or Yazoo River (Fig. 5.7).

Figure 5.7

5.6

Zonebudget net stream leakage in million acre-feet by model run for each
stream of interest within the Mississippi Delta

Discussion
This study incorporated spatially-variable streambed hydraulic conductivity

datasets developed from empirical relationships between resistivity and hydraulic
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conductivity from site-specific borehole geophysical data to attempt to refine the
empirical relationships used to relate waterborne CRP data to streambed hydraulic
conductivity. These relationships produced datasets that were significantly larger than
datasets created from published literature values. Incorporating significantly higher
estimates of streambed hydraulic conductivity did not drastically change model waterbudget estimates, suggesting that the high values may be applicable in the model. Further
model evaluation and parameter estimation are needed to verify this.
As observed in chapter IV, the number of model layers used to vertically
aggregate waterborne CRP data did not appear to influence model results at the 1-mile
grid scale, but may prove necessary if a smaller model grid is applied. Horizontal
aggregation of streambed hydraulic conductivity values may have also impacted model
results, although further testing is needed to quantify this.
The existing model was not calibrated to each new streambed hydraulic
conductivity dataset. This removes the possibility to evaluate which empirical
relationship provides the most accurate dataset for incorporation into the model. The
model should be recalibrated to each dataset to observe how other highly-estimated
parameters respond to updates to streambed hydraulic conductivity and determine which
methods improve model water-budget estimates and reduce model error and uncertainty
in water-level predictions.
5.7

Conclusions
As the use of groundwater as a reliable natural resource increases around the

world, more studies will be needed to understand how these activities affect the
sustainability of groundwater. Groundwater flow models may provide insight and provide
76

a limited understanding of how anthropogenic activities alter the groundwater
environment, but groundwater models are currently oversimplified and provide results
with large error and uncertainty. Testing the incorporation of high-resolution data for
streambed hydraulic conductivity (a previously estimated parameter) aims to improve the
MERAS model and reduce model uncertainty. Additional high-resolution datasets may
be explored in the future to better quantify real-world chemical and physical processes,
making groundwater models more accurate and reliable in the future.
This study demonstrated that the MERAS model is sensitive to the incorporation
of high-resolution streambed hydraulic conductivity datasets and that site-specific
empirical relationships may allow the MERAS model to accurately represent
groundwater and surface-water interactions. Spatially-distributed geophysical data is
needed to better define the empirical relationships developed in this study to translate
resistivity to hydraulic conductivity.

77

CHAPTER VI
CONCLUSIONS
6.1

General Conclusions
The goals of this dissertation were to: (1) quantify spatial and temporal changes of

streamflow and groundwater levels within the Mississippi Delta portion of the
Mississippi Alluvial Plain; (2) evaluate the impacts of incorporating high-resolution
spatial streambed hydraulic conductivity estimates in the MERAS model to improve
spatial and temporal estimates of available fresh-water resources; and (3) develop sitespecific empirical relationships to relate resistivity to hydraulic conductivity to further
refine spatial streambed hydraulic conductivity estimates used in the MERAS model.
Attempts to quantify spatial and temporal changes in groundwater and streamflow
using hydrograph-separation techniques and groundwater level data showed that
groundwater withdrawals are impacting streamflows throughout the Mississippi Delta.
Hydrograph separation proved successful in quantifying temporal changes in streamflow
at selected sites in highly altered and controlled environments; these techniques have
frequently been avoided in these environments. This study demonstrates the importance
of environmental data-collection and continuous monitoring efforts.
The incorporation of high-resolution data to quantify the spatial variability of
streambed hydraulic conductivity within the MERAS model showed that the model is
highly sensitive to changes in streambed hydraulic conductivity and was evident with
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changes in model water-budget estimates. Incorporating the spatial variability of
parameters such as streambed hydraulic conductivity will improve stream-aquifer
exchange decrease within the model leading to reduced error and uncertainty in model
water-budget estimates. Since the MERAS model was not calibrated to each streambed
hydraulic conductivity dataset, it is unclear which empirical resistivity-to-hydraulic
conductivity relationship improved water-budget estimates.
The use of NMR imaging data allowed for site-specific empirical relationships to
be developed to relate resistivity to hydraulic conductivity. Empirical resistivity-tohydraulic conductivity relationships developed from site-specific petrophysical data
provided larger streambed hydraulic conductivity values than anticipated, but model
results did not drastically change, suggesting that the streambed hydraulic conductivity
the MERAS model is open to incorporating high estimates of streambed hydraulic
conductivity in certain areas. The empirical relationships were developed based on
localized geophysical data collected along the Tallahatchie River. Additional geophysical
data from sites throughout the Delta may help to refine and confirm the empirical
relationships.
6.2

Future Work
Future work regarding groundwater and surface-water interactions would entail

the continual collection of discrete streamflow and groundwater level data to inform local
and regional water availability and use studies. This would ensure that significant
quantities of spatial and temporal data are available for accurate characterization of the
physical environment to calibrate numerical models in addition to increasing general
scientific knowledge and understanding of fundamental physical processes. Further
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exploration of hydrograph-separation techniques is needed to gage the application in
highly altered environments and accuracy of the techniques to quantify the magnitude of
groundwater-level change. Additional research is needed to assess the use of temporal
streamflow changes as a proxy for groundwater level declines in alluvial environments.
Additional high-resolution datasets to quantify other unobservable hydraulic
parameters should be collected to refine the hydrologic framework and further define
physical processes within the MERAS model to reduce model error and uncertainty. The
existing MERAS model should be calibrated to updated datasets and parameter
estimation should be conducted to assess the impacts of increasing spatial data on model
water-budget estimates and determine additional areas for improvement within the
model. Empirical resistivity-to-hydraulic conductivity relationships should be further
explored through additional site-specific geophysical data collection throughout the
Mississippi Delta and across the MAP.
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